Abstract. The aim of this study was to evaluate the effect of hypertension and its reverse on serum nitric oxide (NO) concentration and endothelial permeability in two-kidney one-clip (2K1C) hypertensive rats. 28 male Wistar rats were divided into four groups: 1) 2K1C for 12 weeks; 2) sham-clipped for 12 weeks; 3) 2K1C for 12 weeks and unclipped for 12 weeks; 4) sham-clipped for 12 weeks and unclipped for 12 weeks. Blood samples were taken before experiment, 12 th week and 24 th week (in groups 3 and 4). Coronary vascular and aortic endothelial permeability were determined by extravasation of Evans blue dye method. Serum NO level was significantly lower in hypertensive group compare with sham group (4.21 ± 1.28 vs. 9.47 ± 1.34 µmol/l, respectively). Reversal of hypertension did not improve serum NO concentration in 2K1C group (4.21 ± 1.28 vs. 4.32 ± 1.34 µmol/l). Coronary vascular and aortic endothelial permeability were not different between hypertensive and normotensive groups and reversal of hypertension did not alter endothelial permeability. Lower serum NO concentration in 2K1C hypertensive rats even after reversal of hypertension suggested that in addition to NO, other mechanisms could be involved in surgical reversal of hypertension. Hypertension and its reverse did not change endothelial permeability at least in this model of hypertension.
Introduction
Hypertensive patients are at particular risk of cardiovascular complications and stroke, possibly related to endothelial dysfunction (Viazzi et al. 2008) . Endothelium has an essential role in control of vascular function and homeostasis. It is believed that endothelial dysfunction is a preclinical stage of atherosclerosis processes and considered as a target for cardiovascular risk factors (Feletou and Vanhoutte 2006) . Endothelial dysfunction during hypertension leads to dysregulation of many important vascular functions including platelet aggregation or leukocyte adhesion (Khazaei et al. 2008; Versari et al. 2009 ).
The vascular endothelium is capable of synthesizing nitric oxide (NO) from L-arginine. NO as a biological messenger and effector molecule is known to be involved in several physiological and pathophysiological processes in various organ systems (Bauer and Sotnikova 2010) and had been implicated in the pathogenesis of several diseases including hypertension (Hermann et al. 2006; Torok 2008) . Studies have provided evidences that impairment of NO production accounts for the abnormalities in vascular function in hypertension in animals and humans (Hermann et al. 2006; Bian et al. 2008; Torok 2008) . Several studies have shown that NO is closely involved in the regulation of vascular tone and systemic blood pressure. In addition, NO has several antiatherosclerotic properties including inhibition of platelet aggregation, leukocyte adhesion to endothelial cells, smooth muscle cell proliferation and migration (Ross 1999; Kawashima and Yokoyama 2004) .
Hypertension is a risk factor for cardiovascular disease and recent studies suggested that increased endothelial permeability may have a role in development of end organ damage (Viazzi et al. 2008) . Furthermore, it is believed that endothelial cell injury is responsible for the development of atherosclerosis (Luscher 1994; Torok 2008) . Changes in injured endothelium lead to disruption of its permeability characteristics and increase retaining of oxidised LDL in subintimal space which initiates a vicious cycle for atherosclerosis (Ross 1993 (Ross , 1999 . Therefore, we hypothesize that chronic hypertension alters vascular endothelial permeability and serum NO concentration as a well known marker of endothelial function in two-kidney one-clip (2K1C) hypertensive rats. 2K1C hypertensive model is a well known model of hypertension. Increased activity of renin-angiotensin-aldosterone system is responsible for rising blood pressure in this model especially in first 6 weeks (MartinezMaldonado 1991; Nystrom et al. 2002) and subsequent changes of vascular structure is important in maintenance of hypertension (Martinez-Maldonado 1991) . In the second part of this study, we tried to assess changes of endothelial permeability and serum NO concentration after surgical reversal of hypertension to evaluate whether the changes are reversible after blood pressure reduction.
Materials and Methods

Animals and experimental groups
28 male Wistar rats with an initial body weight of 180-200 g were purchased from Pasteur Institute of Iran. The animals were housed in cages (3 or 4 per cage) at 22-25°C with 12 h light/dark cycle. The animals were randomly divided into two groups: sham-clipped and 2K1C hypertensive rats. After surgery, each group was divided into two subgroups: clipping and unclipping groups. The experimental groups were as follow: group 1: 2K1C for 12 weeks (n = 7) group 2: sham-clipped for 12 weeks (n = 7) group 3: 2K1C for 12 weeks and unclipped for 12 weeks (n = 7) group 4: sham-clipped for 12 weeks and unclipped for 12 weeks (n = 7). Blood samples were taken from all animals on pre-clipping, 12 th week and 24 th week (in groups 3 and 4). Samples were centrifuged and plasma and serums were kept in -70°C for further analysis. All procedures were conducted and approved from ethical committee of Isfahan University of Medical Sciences in accordance with guideline for care and use of laboratory animals.
Preparation of 2K1C hypertensive rats
Rats were anesthetized with intraperitoneally injection of ketamine hydrochloride (60 mg/kg) and xylazine (7.5 mg/kg) and underwent left renal artery constriction with a silver clip (internal gap of 0.20 mm) as described previously (Kunes 1993; Diekmann et al. 2000; Nystrom et al. 2002) . In sham-clipped group, the same procedure was done without using silver clip. After closing the wound, penicillin G (25 000 U i.m) was injected. All rats were fed with commercial rat chow (Pasteur Institute, Iran) and allowed free access to tap water during the experiments.
Reversal of 2K1C hypertension
In groups 3 and 4, unclipping was carried out on 12 th weeks (12 weeks after clipping). For this purpose, the rats were anesthetized. Through a flank incision, the clipped left renal artery was exposed and fibrous tissues surrounding the clip and renal artery were carefully dissected. Then, the clip was removed gently. In sham-unclipped group, the same procedure was done without removing the clip.
Blood pressure measurement
During the study, systolic blood pressure (SBP) was measured under conscious conditions twice a week by tail-cuff method with non-invasive blood pressure controller PowerLab software (ADInstruments Company, USA). Before sacrificing rats, direct blood pressure was also measured by cannulation of the carotid artery (PE-50) using an invasive blood pressure controller PowerLab software.
Measurement of serum NO concentration
Serum NO concentrations were measured by Griess reagent system (Promega Corporation, Madison, USA), using available reagents as previously described (Khazaei and Nematbakhsh 2006) . In brief, serums were added into wells (96-well enzymatic assay plate). Sulfanilamide solution was added to all collected samples and then N-1-naphtylethylenediamine dihydrochloride under acidic conditions was added. The absorbance was detected by a microplate reader in 520-550 nm wavelengths. The samples NO concentration was determined by comparison to nitrite standard curve. The limit detection was 2.5 µM nitrite.
Measurement of endothelial permeability
Coronary vascular and aortic endothelial permeability were determined by extravasation of Evans blue (EB) dye method as previously described (Hulthen et al. 1996; Khazaei and Nematbakhsh 2004) . First, EB (diluted in normal saline; 20 mg/ml) was injected through the carotid artery cannula. After 20 min, rats were sacrified. Heart and aorta (ascending aorta to the origin of renal arteries branches) were isolated and cleaned from surrounding connective tissues. Then, they were weighed and put into formamide solution overnight at room temperature for EB dye extraction. The extracted amount of EB in formamide solution was determined by spectrophotometer (Secomam, France) at 620 nm wavelength. The results were plotted on standard of EB in 0.2 to 10 µg/ml formamide. Concentration of EB in these tissues was expressed in µg/g wet weight (µg/g ww) tissue.
Plasma renin activity
Plasma renin activity (PRA) was measured using I-125 Angiotensin I generation. Angiotensin I coated-tube radioimmunoassay was performed in two aliquots of the same sample, one incubated at 37°C for generation and one nonincubated. PRA was calculated as nanogram angiotensin I generated/ml/h (Renctk P2721, DiaSorin Biomedica Diagnostic Division RIA kit, Italy). The PRA assay sensitivity was 0.13 ng/ml; intra-and interassay coefficients of variation were 7.5 and 7.7%, respectively.
Statistical analysis
Data are expressed as mean ± SEM. Comparison of data in the same group before and after intervention were made using the paired t-test. Comparisons of data among groups were carried out using one-way ANOVA. p < 0.05 was considered statistically significant.
Results
Blood pressure
SBP values after clipping and unclipping in all experimental groups are shown in Fig. 1 
PRA measurement
PRA levels were measured in 2K1C hypertensive rats and are shown in Table 1 . PRA level was significantly higher in 2K1C after clipping and reduced after unclipping (p < 0.05). Fig. 2 illustrates serum NO concentration in sham and 2K1C hypertensive rats before and after clipping and unclipping. There was no significant difference in serum NO concentration in pre-clipping between groups (p > 0.05). After clipping, serum NO concentration in 2K1C hypertensive rats was 
Serum NO concentration
Vascular endothelial permeability
Vascular endothelial permeability of aorta (expressed as quantitative extravasations of EB) in 2K1C hypertensive group was lower than sham-clipped group, although it was not statistically significant (p > 0.05) ( Table 2 ). Unclipping didn't alter aortic endothelial permeability in 2K1C group (p > 0.05). Also, vascular endothelial permeability of coronary circulation wasn't different between 2K1C and shamclipped group and didn't alter after unclipping (p > 0.05).
Discussion
Endothelium is an early target of cardiovascular risk factors such as hypertension. Endothelial dysfunction is characterized by changes in endothelial permeability, endothelium-derived factors and vasomotor responses. Among the endothelium-derived vasoactive factors, NO is one of the most well characterized. In this study, we found that serum NO concentrations in 2K1C hypertensive rats were lower than sham-clipped group. Impaired endothelium-dependent relaxation indicated in all models of hypertension including 2K1C (Luscher and Vanhoutte 1986; Nakamura and Prewitt 1992) and in human hypertension (Linder et al. 1990) . In this study, we measured serum NO level after 12 weeks induction of hypertension. It is indicated that after renal artery clipping, NO synthesis increases during two weeks and then gradually declines during next weeks (Dubey et al. 1996) . The later decrease in serum NO level could be the result of either endothelial dysfunction due to hypertension or adaptation to high blood pressure. NO has several beneficial role in vascular homeostasis including vascular tone, control of blood pressure and antiatherosclerotic properties (Bian et al. 2008; Pepine 2009 ) and decreased NO bioavailability could explain why cardiovascular risk factors such as hypertension are considered risk factor for atherosclerosis. NO also affect endothelial permeability in different tissues, although there are contradictory reports (Filep and FoldesFilep 1993; Yuan et al. 1993) . Some studies reported that NO synthase inhibitor increased microvascular permeability in stomach, intestine, liver, spleen, pancreas, kidney, and lung (Filep and Foldes-Filep 1993) whereas in other studies, NO inhibitor decreased microvascular permeability of venules (Yuan et al. 1993) . Decreased NO bioavailability in hypertensive subjects may results from lower NO production such as deficiency in L-arginine/BH4 (Cosentino and Luscher 1999; Zhou et al. 2001) or increased NO degradation due to higher superoxide anion generation or reduced level of antioxidant (Schulman et al. 2005) . Furthermore, 2K1C goldblatt model induces renin-angiotensin dependent hypertension and another explanation for reduced NO availability in this model of hypertension is that high angiotensin II level decreases NO bioavailability by promoting oxidative stress (de Gasparo 2002) .
We also found that surgical reversal of hypertension did not improve serum NO concentration while blood pressure reached to normotensive level. In agreement to our results, a study in renovascular hypertensive rats revealed that production of NO partly contributes to blood pressure reduction after unclipping (Huang and Tsai 1998) . Thus, it seems that in addition to NO, other mechanisms could be involved in surgical reversal of hypertension.
The barrier function of endothelium and control of its permeability that regulates macromolecular transport is a key defense mechanism against vascular injury and atherosclerosis (van Hinsbergh 1997; De Caterina 2000) . In addition, recent studies suggested that increased vascular endothelial permeability have a role in development of end organ damage during hypertension (Viazzi et al. 2008) . Thus, in this study, we expected higher endothelial permeability in 2K1C hypertensive group compare to sham animals. However, we did not find any difference in endothelial permeability between these groups. It seems that elevated blood pressure and disruption of the starling equilibrium could increase endothelial permeability (Parving and Gyntelberg 1973) ; however, in this study, preservation of endothelial permeability in 2K1C hypertensive group indicated that change of hemodynamic forces in hypertension does not contribute in endothelial permeability (Pedrinelli et al. 1999) . In agreement to our results, a recent clinical study evaluated systemic capillary permeability using TERalb (another parameter for estimation of capillary permeability) and found that systemic capillary permeability was not different between normotensive and hypertensive group (Dell'Omo et al. 2004) . In another study, TERalb was higher in atherosclerotic patients, however, was not different between normotensive and hypertensive subjects (Pedrinelli et al. 1998) . In contrast, another study demonstrated that endothelial permeability was higher in hypertensive subjects, but endothelium-dependent relaxation was not different in uncomplicated mild to moderate hypertension (Paulis et al. 2008) . We also found that reversal of hypertension did not alter endothelial permeability. Although, we do not have direct information about the vascular structural changes, it have been already shown that permeability of both media and endothelium are changed during hypertension (Kennedy and Tedgui 1995) . It's suggested that changes in vascular structure during hypertension is adaptive, rather than causal (Panza et al. 1993 ).
In conclusion, lower serum NO concentration in 2K1C hypertensive rats even after surgical reversal of hypertension suggested that in addition to NO, other mechanisms such as bradykinin, histamine or other endothelium-derived releasing factors could be involved in surgical reversal of hypertension. Also, hypertension did not significantly change coronary vascular and aortic endothelial permeability and reversal of high blood pressure did not alter endothelial permeability.
